Lung innate immunity is the first line of defence against inhaled allergens, pathogens and environmental pollutants. Cellular metabolism plays a key role in innate immunity. Catabolic pathways, including glycolysis and fatty acid oxidation (FAO), are interconnected with biosynthetic and redox pathways. Innate immune cell activation and differentiation trigger extensive metabolic changes that are required to support their function. Pro-inflammatory polarisation of macrophages and activation of dendritic cells, mast cells and neutrophils are associated with increased glycolysis and a shift towards the pentose phosphate pathway and fatty acid synthesis. These changes provide the macromolecules required for proliferation and inflammatory mediator production and reactive oxygen species for anti-microbial effects. Conversely, anti-inflammatory macrophages use primarily FAO and oxidative phosphorylation to ensure efficient energy production and redox balance required for prolonged survival. Deregulation of metabolic reprogram-ming in lung diseases, such as asthma and chronic obstructive pulmonary disease, may contribute to impaired innate immune cell function. Understanding how innate immune cell metabolism is altered in lung disease may lead to identification of new therapeutic targets. This is important as drugs targeting a number of metabolic pathways are already in clinical development for the treatment of other diseases such as cancer. Citrate Isocitrate α-ketoglutarate Succinate Fumarate Malate GLUCOSE HK Glucose-6-P Fructose-6-P Fructose-1,6-BP G-3-P 3P-Glycerate 2P-Glycerate P-enolpyruvate PYRUVATE PDH Acetyl -CoA FATTY ACID SYNTHESIS PPP Ribose-5-P NUCLEOTIDE SYNTHESIS NADPH REDOX BALANCE AMINO ACID SYNTHESIS GLUTAMINE Glutamate Glutaminolysis FATTY ACID SYNTHESIS Acetyl-CoA ARGININE Citrulline iNOS NO Ornithine ARG2 ASS ASL OAT IDH SDH PK 1,3BP-Glycerate GAPDH α-enolase FATTY ACIDS FAO CPT1 Mitochondrion LDH Lactate AMINO ACID SYNTHESIS NUCLEOTIDE SYNTHESIS GLUTATHIONE TCA cycle NADH/FADH 2 e -OXPHOS ATP a c b d OAA ADP+Pi e f GLDH g ACL ROS DHAP 1 (For legend see next page.) Michaeloudes et al.
Introduction
Innate immunity is an evolutionary-conserved and non-antigen-specific defence system that triggers acute inflammatory responses in response to external insults whilst tolerating normal host antigens [1] . In the lungs, infectious agents and inhaled irritants, such as allergens and environmental pollutants, are sensed by the epithelium and antigen-presenting cells that trigger activation of innate effector cells and orchestrate adaptive immune responses to confer prolonged protection [1] . Aberrant inflammatory responses to inhaled insults, and damage DOI: 10.1159/000504344 of the airway epithelium in individuals susceptible to lung disease, promote chronic activation of innate immune effector cells and lead to tissue remodelling in the lungs [2] .
Innate immune activation and differentiation are accompanied by widespread changes in cellular metabolism, often described under the umbrella term "metabolic reprogramming" [3] . Deregulation of these metabolic processes can therefore lead to abnormal innate immune function and pathology. In this review, we discuss the current evidence on the role of metabolic reprogramming in the homeostatic and abnormal regulation of innate immune responses, particularly in the context of asthma and chronic obstructive pulmonary disease (COPD), and highlight areas that require further investigation.
Meeting the Metabolic Requirements of Immune Response
Cellular metabolism consists of interconnected catabolic and anabolic pathways, most of which converge at the mitochondrion. Apart from energy and biosynthetic intermediates, these pathways regulate the balance between reactive oxygen species (ROS) production and anti-oxidant activity and the production of mediators that alter the epigenetic landscape and signal transduction of cells [4, 5] .
Cells use glucose, fatty acids and amino acids as metabolic substrates to produce the energy required for their function. Catabolism of these substrates leads to the generation of acetyl-co-enzyme A and other intermediates that drive the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) in the mitochondrion to generate energy in the form of ATP [6] . Catabolic processes are coordinated with biosynthetic pathways that ensure adequate supply of macromolecules and reduced intermediates for the maintenance of redox balance [7] [8] [9] . The cross talk between key catabolic and anabolic metabolic pathways is described in Figure 1 .
As cells are exposed to different stimuli, such as proinflammatory cytokines and growth factors, increased biosynthesis and ROS production may need to be prioritised over ATP production, to meet the demands of cell division, inflammatory mediator release or anti-microbial effects. Immune cell activation or differentiation are accompanied by extensive metabolic reprogramming that is integrated into the cell's signalling machinery and is essential for ensuring that cells maintain optimal levels of energy substrates and pre-cursors for the biosynthesis of macromolecules required to support their functions.
Regulation of Cellular Metabolism by Energy and Nutrient Sensors
Cellular metabolism is regulated based on the availability of nutrients and energy, which are sensed by specific signalling mechanisms. AMP-activated protein kinase (AMPK) acts as the main energy sensor of the cell. Under conditions of increased energy demand, an increase in ADP or AMP levels resulting from ATP hydrolysis trigger activation of AMPK, which up-regulates catabolic pathways like glycolysis and fatty acid oxidation (FAO) to produce ATP, whilst inhibiting energy-consuming anabolic pathways like fatty acid and protein synthesis [10] [11] [12] [13] . In contrast, increased availability of nutrients, such as amino acids, leads to the activation of mammalian target of rapamycin complex 1 (mTORC1), which promotes mRNA translation and protein synthesis, as well as fatty acid synthesis [14] . mTORC1 also induces glycolysis through a hypoxia-inducible factor (HIF)-1αdependent mechanism and activates genes involved in the pentose phosphate pathway (PPP) that generates reduced intermediates for redox regulation and ribose-5-phosphate for nucleic acid synthesis [15] . AMPK and mTORC1-mediated pathways are antagonistic, with AMPK inhibiting mTORC1 activity [16] . However, both pathways drive oxidative metabolism by activating peroxisome proliferator-activated receptor-gamma coactivator-1α, a transcriptional co-activator of genes involved in mitochondrial biogenesis and respiration [17, 18] .
Inflammatory mediators and growth factors also regulate AMPK and mTOR. AMPK has been shown to be inhibited by the bacterial component lipopolysaccharide (LPS) and stimulated by tumour necrosis factor-α, whilst mTOR is activated by transforming growth factor-β and other growth factors through phosphatidylinositol 3-kinase (PI3K)/Akt and extracellular signal-regulated kinase-dependent pathways [14, 19] . Moreover, AMPK and mTORC1 also mediate non-metabolic effects, such as regulation of inflammatory responses and cell cycle, and could therefore play a key role in immune responses in the lung [14, 20] .
Toll-like receptors (TLRs), NOD-like receptors (NLRs) and retinoic acid-inducible gene I-like receptors (RLRs).
The airway epithelium forms a physical barrier comprising of mucous-secreting and ciliated cells, which are involved in the clearance of pathogens and noxious particles, and secretory club cells that produce surfactants and anti-microbial mediators [2] . Cytokines, chemokines, lipid mediators and complement factors released by the epithelium attract and activate effector cells shaping the local immune response [21] . Lung DCs at the basolateral side of the epithelium become activated by inhaled allergens and microbes and migrate to the draining lymph nodes to orchestrate adaptive immune responses [22] . DCs also produce anti-microbial and immunomod-ulatory mediators in response to factors produced by the epithelium and other inflammatory cells [23] . Epithelialderived mediators also activate type 2 innate lymphoid cells (ILC2s), which propagate inflammatory responses through the release of Th2 mediators [24] .
The pool of lung macrophages, which consist of alveolar and interstitial macrophages, is believed to primarily develop in the embryo from common progenitors and maintain their numbers through low-level proliferation [25] . Alveolar macrophages reside on the epithelial surface where they scavenge allergens, microbes and pollutants and regulate local immune responses through the release of pro-and anti-inflammatory mediators [26] . Under conditions of inflammation or infection, the num- Overview of catabolic and anabolic metabolism in the cell. Catabolic and anabolic metabolic pathways are interconnected and are coordinated depending on the energy demand and nutrient availability of the cell to ensure adequate supply of energy and macromolecules. In this figure, catabolic pathways are shown in blue boxes and pathways involved in the biosynthesis of macromolecules and redox balance are shown in green. a Glucose is taken up by cells through GLUTs and undergoes phosphorylation by HK to Glucose-6-P, which enters the glycolytic pathway in the cytoplasm to produce pyruvate. Under normal aerobic conditions, most of the pyruvate is converted to acetyl-CoA by PDH in the mitochondrion. A proportion of pyruvate is converted to lactate, by LDH. A number of glycolytic intermediates feed into amino acid and fatty acid biosynthesis. b Glucose-6-P can be directed to the PPP that generates Ribose-5-P, a precursor of nucleotide biosynthesis, and NADPH, which is required for the maintenance of redox balance and fatty acid synthesis. c Acetyl-CoA is also produced by FAO in the mitochondrion, following fatty acid conjugation to carnitine by the enzyme CPT1. d Citrate, produced by the combination of acetyl-CoA and OAA in the mitochondrial matrix, enters the TCA cycle, which generates the reduced intermediates NADH and FADH 2 . Citrate can be used in fatty acid biosynthesis through its conversion to acetyl-CoA by ACL. e NADH and FADH 2 produced by the TCA cycle carry electrons (e -), which are used in the process of OXPHOS to reduce oxygen, leading to the production of energy in the form of ATP through the phosphorylation of ADP. Partial reduction of oxygen during OXPHOS leads to the production of ROS. f-g Amino acid catabolism also supports energy production and provides biosynthetic precursors. f Glutamine undergoes glutaminolysis to glutamate, which is converted by GLDH into the TCA cycle intermediate α-ketoglutarate. Glutaminolysis also provides glutamate for the synthesis of the antioxidant glutathione and nitrogen for amino acid and nucleotide synthesis. g Arginine is converted to ornithine and urea through the action of the mitochondrial arginase isozyme, ARG2. The enzyme OAT converts ornithine to glutamate, which is then converted to α-ketoglutarate to feed the TCA cycle. Arginine can alternatively be converted to citrulline by induced NO synthase leading to the production of NO. Citrulline is converted back to arginine through the successive actions of the enzymes ASS and ASL. The activation or differentiation of innate immune cells in response to pathogens and inflammatory mediators is associated with changes in the expression and activity of key metabolic enzymes, leading to a shift in the balance between catabolic and anabolic metabolism. These metabolic changes are required to support innate immune function. Increased glycolysis, FAO, OX-PHOS, and arginase activity ensure adequate energy production to support prolonged survival, resolution of inflammation and repair in anti-inflammatory cells, such as M2 macrophages. On the other hand, pro-inflammatory macrophages and activated dendritic, mast cells and neutrophils have truncated glycolysis and/or TCA cycle, leading to accumulation of upstream intermediates, which are channelled towards the PPP and anabolic pathways. This results in increased production of proteins, lipids, nucleotides and ROS, which are required for inflammatory mediator production and anti-microbial effects. Abnormal metabolic reprogramming may be a driver of defective innate immune responses in lung diseases, such as asthma and COPD. Fructose-6-P, fructose-6-phosphate; Fructose-1,6-BP, fructose-1,6-biphosphate; G-3-P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3BP-Glycerate, 1,3-biphosphoglycerate; 3P-Glycerate, 3-phosphoglycerate; 2P-Glycerate, 2-phosphoglycerate; P-enolpyruvate, phosphoenolpyruvate; SDH, succinate dehydrogenase; IDH, isocitrate dehydrogenase; acetyl-CoA, acetyl-co-enzyme A; LDH, lactate dehydrogenase; CPT1, carnitine palmitoyltransferase 1; GLUT, glucose transporter; PDH, pyruvate dehydrogenase; HK, hexokinase; Glucose-6-P, glucose-6-phosphate; Ribose-5-P, ribose-5-phosphate; OAA, oxaloacetate; NADH, reduced nicotinamide adenine dinucleotide; FADH 2 , reduced flavin adenine dinucleotide; FAO, fatty acid oxidation; TCA, tricarboxylic acid; ARG2, arginase 2; PPP, pentose phosphate pathway; NADPH, reduced nicotinamide adenine dinucleotide phosphate; PK, pyruvate kinase; OXPHOS, oxidative phosphorylation; ATP, adenosine triphosphate; ADP, adenosine diphosphate; ACL, ATP-citrate lyase; OAT, ornithine aminotransferase; GLDH, glutamate dehydrogenase; ASS, argininosuccinate synthetase; ASL, argininosuccinate lyase; NO, nitric acid; iNOS, induced NO synthase. J Innate Immun 2020;12:31-46 DOI: 10.1159/000504344 bers of alveolar macrophages are replenished by proliferation of the remaining alveolar macrophages and by recruitment of circulating monocytes [25] . Macrophages show a wide range of phenotypes depending on the local environment, with a pro-inflammatory (M1) phenotype on one end and an anti-inflammatory/repair (M2) phenotype on the other end of the spectrum [27, 28] . Proinflammatory macrophages produce higher levels of inflammatory mediators, ROS and nitric oxide (NO) and have microbicidal activity. On the other hand, anti-inflammatory macrophages show increased capacity to clear dead or apoptotic cells by phagocytosis and produce anti-inflammatory cytokines and mediators of tissue repair and remodelling [27] .
Mast cells are also found in close proximity to the airway epithelium and, apart from Fcε receptors, they express a number of PRRs allowing them to recognise a number of different pathogens and release pro-inflammatory and immunomodulatory mediators [29] .
Granulocytes, such as eosinophils and neutrophils, are key effectors of innate immune responses. Eosinophils, which are quiescent in blood under normal conditions, become activated in response to pro-inflammatory mediators and migrate to the lungs where they release an array of mediators and cytotoxic granule proteins causing tissue damage and inflammation [30] . Upon recruitment to the lungs, neutrophils exert their bactericidal action using two main mechanisms: (i) by phagocytosis, which results in bacterial killing through acidification of the phagosome, ROS generated by the respiratory burst and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, and by anti-microbial peptides and proteins in the phagolysosome; (ii) by trapping and killing bacteria through the formation of neutrophil extracellular traps (NETs) consisting of nuclear DNA and anti-microbial proteins [31] .
Asthma
Asthma is a chronic inflammatory airway disease, which involves extensive remodelling of the airways, due to increased airway smooth muscle mass and fibrosis, as well as mucus hyper-secretion that lead to narrowing of the airway lumen and airflow obstruction. In addition, airway hyper-responsiveness, a key clinical feature of asthma, leads to airway narrowing in response to environmental triggers. Current therapies for asthma, which include corticosteroids and bronchodilators, are effective in controlling symptoms; however, approximately 5% of patients are poorly controlled [32] . New and more effective treatments are therefore required.
It is increasingly recognised that asthma is a heterogeneous disease characterised by different patterns of inflammation. In the majority of patients with asthma, inflammation is driven by an allergen-induced Th2 immune response and eosinophilic inflammation; however, non-atopic patients also develop a similar type of inflammatory response [33] . Importantly, some patients show non-atopic, non-eosinophilic inflammation characterised by airway neutrophilia and associated with more severe and therapy-refractory disease [34] . Understanding the metabolic regulation of innate immune responses in asthma may aid the identification of new therapeutic targets for controlling inflammation and/or biomarkers for disease phenotyping and predicting therapeutic response.
Epithelium
Disruption of the epithelial barrier by allergen proteases, such as Derp1 in house dust mites and papain, induces Th2-type inflammation through the release of IL-33 and thymic stromal lymphopoietin. These cytokines prime DCs and ILC2s to produce eosinophil chemoattractants and Th2 cytokines [35] . Furthermore, increased epithelial permeability due to loss of tight junction integrity and epithelial cell apoptosis permits the infiltration of allergens and infectious agents into the airway wall precipitating the inflammatory response [36] .
Studies in animal models of allergen-induced lung inflammation report that ROS and NO-dependent mitochondrial damage and reduced ATP production in the airway epithelium contributes to epithelial cell apoptosis and subsequently airway inflammation [37, 38] . In patients with asthma, there is evidence of metabolic reprogramming, which may be central to the epithelial-mediated inflammatory responses. Α shift in glucose metabolism towards glycolysis, indicated by increased lactate levels, pyruvate kinase (PK) isoform M2 (PKM2) and lactate dehydrogenase A expression, has been reported in airway epithelial cells from patients with asthma and in the lungs of mice exposed to house dust mite. This increase in the use of glycolysis for energy production, which may be a result of NO-mediated suppression of mitochondrial respiration [39] , was shown to mediate the allergen-induced expression of IL-33, IL-13 and CCL20 in mouse lungs [40] .
An increase in mitochondrial number and enhanced OXPHOS activity, at least partly driven by a reprogramming of arginine metabolism, was also observed in the airway epithelium of patients with asthma [41] . In asth-DOI: 10.1159/000504344 matic epithelial cells, arginine biosynthesis from citrulline is increased, whilst up-regulation of the mitochondrial arginase (ARG) isozyme, ARG 2, drives the conversion of arginine to ornithine. Ornithine can subsequently be transaminated to glutamate, which supplies α-ketoglurarate to the TCA cycle ( Fig. 1g) . Indeed, over-expression of ARG 2 was shown to increase OXPHOS and reduce glycolysis and to inhibit IL-4-induced activation of signal transducer and activator of transcription 6, a driver of Th2 inflammation. Conversely, ARG 2 knock-out mice showed epithelial cells with depolarised mitochondria and increased IL-13 and eotaxin-1 levels and eosinophil numbers in their lungs after ovalbumin challenge [41, 42] . ARG 2 possibly exerts its protective effects by diverting arginine away from NO synthesis and towards the TCA cycle and OXPHOS, ensuring adequate energy production and a lower glycolytic activity [43] . Arginine is therefore an interesting therapeutic target for restoring the balance between OXPHOS and glycolysis and dampening epithelial-mediated inflammation in asthma.
Dendritic Cells
Allergens activate the epithelium to secrete chemoattractants of immature DCs, which are recruited to the lungs to acquire and process allergen peptides. DCs are activated by epithelium-derived cytokines and migrate to the lymph nodes to activate naïve T cells and drive their differentiation into Th2 or Th17 cells depending on the stimulus, co-stimulatory molecules and cytokines present in the local environment [44] . Upon reexposure of an atopic host to allergen, monocyte-derived DCs re-activate Th2 cells to produce IL-5, IL-9 and IL-13 leading to eosinophilia, production of IgE by B cells and induction of mucus production and airway remodelling. Mast cell activation by antigen-specific IgE leads to release of histamine triggering airway hyperresponsiveness [33] .
Studies using murine bone marrow-derived DCs show that the mechanism of DC activation entails increased glycolysis. This serves to support the energetic and biosynthetic demands of activated DCs by providing pyruvate for mitochondrial respiration and channelling intermediates into the PPP to generate NADPH required for redox balance and fatty acid synthesis [45] . Activated DCs maintain a high glycolytic activity and suppressed FAO and OXPHOS through the actions of mTOR and HIF-1α. Activation of Dectin-1, a C-type lectin receptor involved in allergen recognition and airway immune response regulation by lung DCs, was shown to induce a glycolytic shift through an Akt/mTOR/HIF-1α pathway in primary human monocytes exposed to the yeast wall component β-glucan [46, 47] . An immediate increase in glycolysis was also observed in response to an array of other stimuli, including bacterial LPS, the yeast component zymosan and the allergen house dust mite. Intriguingly, however, the more pro-inflammatory stimuli, such as LPS and zymosan, also trigger a concurrent inhibition of OXPHOS, whilst house-dust mite-stimulated DCs retain their mitochondrial respiration [48] . These findings suggest that although different stimuli modulate different metabolic pathways, glycolytic activation is always a key early event in DC activation. Inhibition of glycolysis not only attenuates pro-inflammatory mediator production by DCs, but it also reduces their migration to the lymph nodes [48] . Furthermore, ablation of mTOR in mice exposed to house dust mite leads to a metabolic reprogramming of DCs that involves an increase in FAO and causing a switch from Th2 immunity to a Th17-driven neutrophilic response [49] . Glycolysis-fuelled metabolic reprogramming is therefore crucial for the orchestration of adaptive immunity by DCs in allergen-exposed lungs.
Type 2 Innate Lymphoid Cells
Arginine metabolism and glycolysis are also central to the maturation and activation of ILC2s during allergic responses. HIF-1α-driven expression of the glycolytic enzyme PKM2 inhibits IL-33-driven ILC2 maturation by reducing the expression of its receptor IL1RL1 through methylation of its gene ST2. Indeed, mice deficient in the negative regulator of HIF-1α, von Hippel-Lindau protein, show reduced numbers of mature ILC2s and attenuated Th2 responses in response to intranasal instillation of papain [50] . Furthermore, a study by Monticelli et al. [51] , also in papain-exposed mice, shows that arginase 1 (ARG 1) activity supports the ability of ILC2s to proliferate, possibly by providing ornithine for amino acid and polyamine synthesis.
Mast Cells
IgE-mediated degranulation and histamine release by mast cells during allergic responses also involve changes in the glycolytic pathway [52, 53] . Fcε receptor activation triggers phosphorylation and thus inactivation of PKM2 leading to a truncated glycolysis, which is a crucial step for mast cell degranulation. This is possibly due to accumulation of glycolytic intermediates upstream of pyruvate that acts as precursors for the biosynthesis of lipid mediators released during degranulation (Fig. 1a) Macrophages Macrophages play a central role in asthmatic inflammation through the production of cytokines like IL-1β, IL-6 and tumour necrosis factor-α [55, 56] , whilst there is evidence of decreased phagocytosis in patients with asthma [57] . Polarisation in response to the local microenvironment may contribute to the altered macrophage phenotype observed in asthma. Studies in animal models of asthma suggest a predominance of M2-like macrophages in allergic inflammation and a prevalence of M1-like macrophages in non-allergic inflammation [58] ; however, macrophages were shown to respond to microbial challenge and display an M1-like phenotype even after prolonged Th2 stimulation [59] . Interestingly, Girodet et al. [60] have demonstrated that macrophages in the bronchoalveolar lavage fluid of patients with asthma show expression of markers consistent with an M2-like phenotype. Modulating the macrophage phenotype may be an interesting therapeutic intervention; however, the mechanisms controlling polarisation in asthma are incompletely understood.
Studies using murine bone marrow-derived macrophages show that macrophage polarisation is accompanied by distinct metabolic changes that dictate the functional characteristics of each phenotype. These studies have been extensively reviewed by other authors and are not covered in detail in this review [3] . Briefly, M1-like murine macrophages, differentiated by stimulation with LPS and interferon (IFN)-γ, show a truncated glycolytic pathway that leads to build up of biosynthetic intermediates [45, 61] and a defective TCA cycle leads to accumulation of citrate and succinate that are used for fatty acid synthesis [62, 63] and pro-inflammatory mediator production [3, 62, 64] . At the same time, inhibition of PPP and induction of induced NO synthase lead to elevated ROS and NO levels required for their bactericidal activity [62] . IL-4-driven M2-like murine macrophages, on the other hand, show more efficient ATP production, required for prolonged survival, through up-regulation of glycolysis, FAO and OXPHOS [3, 65, 66] , and inhibition of energy-consuming biosynthetic pathways [67] . Furthermore, up-regulation of arginase expression contributes to increased ATP production and reduced NO levels in M2-like macrophages [68] .
In an allergen-induced mouse model of asthma, increased expression of carnitine palmitoyltransferase 1 (CPT-1) and 3-hydroxyacyl-co-enzyme A dehydrogenase, an enzyme that catalyses the final 3 steps of FAO, was observed predominantly in macrophages of an M2like phenotype (Fig. 1c ). Pharmacological inhibition of CPT-1 and hydroxyacyl-co-enzyme A dehydrogenase using the drugs etoxomir and ranozaline, respectively, reduced the allergen-induced inflammation and airway hyper-responsiveness indicating an important role of FAO in airway allergic inflammation [69] . Nonetheless, other studies show conflicting findings regarding the role of FAO in the differentiation of anti-inflammatory macrophages [3, 70] . Indeed, Divakaruni et al. [71] have demonstrated that FAO is dispensable for M2 polarisation of macrophages and that the inhibitory effect of etoxomir on this process is due to off-target effects.
Although the studies using murine models provide a useful insight into the metabolic regulation of macrophage polarisation, they do not reflect the complex microenvironment of the asthmatic lung. As this includes a multitude of cytokines and chemokines, it is unlikely that these distinct metabolic phenotypes will be seen in humans. Furthermore, human macrophages may have different metabolic requirements and respond differently to inflammatory mediators compared to murine cells. In contrast to the findings in murine macrophages, IL-4-stimulated human monocytes and macrophages were reported to show no change in their glycolytic activity and only a small increase in OXPHOS and FAO [72] .
Macrophage metabolism also appears to vary depending on their localisation in the lungs. A study by Lavrich et al. [73] reports that macrophages from induced sputum of healthy subjects rely heavily on glycolysis for energy production, whilst macrophages isolated from bronchoalveolar lavage rely more on OXPHOS. Moreover, findings in a mouse model of LPS-induced lung injury show that the origin of macrophages also determines their metabolic profile. Specifically, resident macrophages exhibit increased TCA cycle and PPP activity associated with increased amino acid biosynthesis and glutathione metabolism, possibly required to maintain their proliferative capacity. On the other hand, recruited macrophages, which are more inflammatory, showed increased glycolysis and arginine metabolism [74] . The suggested association of the metabolic profile of macrophages with their origins and localisation in the respiratory tract adds another layer of complexity to the metabolic profiling of macrophages, suggesting caution when attempting to translate research findings into possible clinical applications.
Eosinophils and Neutrophils
A number of studies have characterised the metabolic profile of circulating neutrophils and eosinophils, although studies investigating these cells in the lungs, and DOI: 10.1159/000504344 particularly in humans, are scarce. Neutrophils contain few mitochondria and depend primarily on aerobic glycolysis for ATP production; however, both glycolysis and OXPHOS are up-regulated in response to inflammatory stimulation and the induction of phagocytosis [75, 76] . Porter et al. [77] have reported that human blood eosinophils show a similar glycolytic activity as neutrophils but have a greater number of mitochondria and therefore higher oxygen consumption [78] . Eosinophils also show a more sustained increase in OXPHOS activity and generate greater ROS levels in response to phorbol myristate stimulation compared to neutrophils, suggesting that eosinophils may have a greater metabolic flexibility than neutrophils [77] .
Kuo et al. [79] reported an enrichment of the OX-PHOS gene signature in the sputum of patients with paucigranulocytic asthma. It is currently unclear whether this metabolic change is driven by macrophages or Tcells; however, this study highlights the significance of the metabolic characterisation of immune cells in identifying asthma endotypes [79] .
Chronic Obstructive Pulmonary Disease
COPD is primarily caused by chronic exposure to inhaled irritants such as cigarette smoke and/or environmental pollutants. The disease is characterised by two types of pathological processes: (i) narrowing of the airways, particularly the small airways, due to extensive remodelling and (ii) destruction of the parenchyma and enlargement of alveoli (emphysema). These pathological changes result from chronic inflammation, particularly in the lung periphery, and often lead to a progressive and irreversible loss of lung function [80] .
The inflammatory response in smokers, with or without COPD, involves neutrophilia and increased numbers of alveolar macrophages. Oxidative stress arising from cigarette smoke and/or other inhaled irritants damages the epithelium leading to the release of damage-associated molecular patterns that activate epithelial cells and surface macrophages by binding to PRRs. Activated epithelial cells and macrophages release chemoattractants and cytokines that recruit and activate monocytes and neutrophils, and growth factors such as transforming growth factor-β, which drive airway remodelling. The recruited inflammatory cells and the epithelium also release proteases, such as matrix metalloproteases, that degrade elastin and cause emphysema [81] . The inflammatory response is more extensive in smokers with COPD and is further amplified in response to acute exacerbations triggered by frequent bacterial and viral infections [82] . Understanding the mechanisms underlying the impaired innate immune defects that lead to susceptibility of COPD patients to exacerbations may lead to new therapies. Changes in cellular metabolism may play a key role in the defective innate immune responses in COPD.
Epithelium
Aberrant epithelial reprogramming and inflammatory responses drive defective airway innate immune defences in COPD [83] . Oxidative stress-induced mitochondrial dysfunction coupled with impaired autophagic removal of defective mitochondria are thought to lead to a glycolytic shift and augmented mitochondrial ROS in the airway epithelium driving lung inflammation and development of emphysema [84] [85] [86] [87] . These studies have been extensively discussed in a previous review [88] .
Alveolar Macrophages
The lungs of COPD patients also show increased numbers of alveolar macrophages with heightened release of inflammatory mediators and proteases, reduced ability to phagocytose apoptotic cells and bacteria and attenuated microbicidal activity, contributing to the inflammatory process and susceptibility to infection [26, 89, 90] . The defective macrophage phenotype in COPD has been associated with impaired metabolic activity. Bewley et al. [91] have shown that alveolar macrophages from healthy subjects have a low baseline mitochondrial ROS production, which is increased in response to pneumococcal challenge to facilitate bacterial killing. In contrast, in COPD macrophages the same study showed elevated baseline mitochondrial ROS production but attenuated induction of mitochondrial ROS in response to challenge leading to impaired intracellular bacterial killing [91] . A study in monocyte-derived macrophages, on the other hand, reported no differences in baseline mitochondrial ROS between healthy and COPD cells but showed an augmented induction of mitochondrial ROS associated with impaired phagocytosis in response to bacterial challenge [92] . These studies indicate inherent mitochondrial impairment in COPD macrophages, possibly caused by prolonged exposure to oxidative stress. This dysfunction may promote pro-inflammatory mediator release through mitochondrial ROS production and an adaptive up-regulation of glycolysis [93] . Moreover, these findings highlight a difference in the regulation of metabolic activity in response to bacterial challenge between macrophages of different origins suggest-J Innate Immun 2020;12:31-46 DOI: 10.1159/000504344 ing that more detailed work will be required to understand the metabolic changes associated with defective macrophage function in COPD.
Neutrophils
The lungs of patients with COPD are infiltrated by neutrophils with enhanced respiratory burst and increased speed of migration, but with a lack of migratory accuracy, increasing their potential to inflict damage [94] . Increased NET production by neutrophils in COPD has also been associated with disease progression and the development of autoimmunity as a result of the increased levels of self-DNA contained in the NETs [95, 96] . Neutrophils rely mainly on glycolysis for their energy needs and for the production of intermediates that feed into the PPP to generate NADPH, which is used by NADPH oxidases for the generation of ROS required for bacterial killing and for the induction of NET formation [97, 98] . Despite the predominance of glycolysis as a source of energy in neutrophils, their few mitochondria maintain their membrane potential and contribute to the localised production of ATP and ROS required for the coordination of neutrophil migration [99, 100] . Mitochondrial-derived ROS also induces NET formation by neutrophils playing a central role in the development of autoimmunity [101] . Impaired mitochondrial function and altered glucose metabolism may therefore lead to defective neutrophil migration and function in COPD. Studies into the metabolic regulation of neutrophil function in COPD would therefore be crucial.
Respiratory Tract Infections
Viral and bacterial infections are major causes of disease exacerbations in patients with asthma and COPD and are associated with worsening of symptoms, rapid decline in lung function and increased mortality [102] .
The main types of viruses causing airway disease, human rhinovirus, respiratory syncytial virus and influenza A virus are recognised by the innate immune system through PRRs. During viral infection, the viral membrane and capsid are degraded in acidified endosomes, releasing the single-stranded RNA, which is detected by TLR7. Apoptotic, virus-infected cells are phagocytosed by macrophages, and double-stranded RNA is detected by TLR3. TLRs trigger an acute response that involves production of type I IFNs, which activate anti-viral responses in neighbouring cells, and pro-inflammatory cytokines that recruit effector cells, including neutrophils, monocytes and natural killer cells, to the site of infection [103] [104] [105] . Viral RNA in the cytoplasm of infected cells is recognised by retinoic acid-inducible gene I, which induces the expression of IFN and pro-inflammatory cytokines [2, 105] . Viral infection also stimulates the formation of the NOD-, LRR-and pyrin domain-containing 3 (NLRP3) inflammasome, which mediates the release of active IL-1β and IL-18 through caspase 1-mediated cleavage [105] .
A retrospective study of positron emission tomography scans of patients with influenza infection showed increase glucose uptake in their lungs [106] . Indeed, influenza virus triggers elevated glucose uptake and metabolism associated with the activation of glutaminolysis in bronchial epithelial cells. Similarly, plasmacytoid DCs from healthy human subjects show increased glycolytic activity after intranasal administration of live attenuated influenza vaccine [107] . These metabolic changes are triggered by viral recognition through TLRs and a subsequent up-regulation of the transcription factor c-myc in response to infection of the host cell [106, 107] . Rhinoviral infection of primary human fibroblasts and HeLa cells induces glucose uptake within 1.5 h through PI3K-dependent up-regulation of glucose transporter-1 expression and increases glucose availability by activating glycogenolysis. This early glycolytic response drives an anabolic state in the host cells that entails enhanced nucleotide biosynthesis and lipogenesis, which are essential for viral replication [108] . In addition, glutaminolysis is important as a source of carbon and nitrogen required to meet the biosynthetic requirements of viral replication [109] . Glycolysis also promotes the acidification of endosomes, which is required for the uncoating of viral particles and the release of viral ribonucleoproteins into the cytoplasm during viral replication [110, 111] .
A recent study by Mallia et al. [112] reported elevated glucose levels in the sputum of patients with COPD, which further increased in response to exacerbations or experimental infection with rhinovirus. Sputum samples with higher glucose concentrations sustained a greater bacterial growth, suggesting that increased airway glucose in response to viral infection may promote secondary bacterial infections [112] . Changes in metabolism, particularly glucose metabolism, may therefore encourage viral and bacterial infections and could therefore be targeted therapeutically.
However, metabolic reprogramming is also central in the homeostatic response to viral infection, thus targeting them could have detrimental effects. Mitochondria are essential for the induction of anti-viral responses by DOI: 10.1159/000504344
RLRs. Upon recognition of cytoplasmic viral RNA, RLRs interact with and activate the adaptor protein mitochondrial anti-viral signalling proteins (MAVS) located on the mitochondrial outer membrane through their caspaserecruitment domains. MAVS activation drives pro-in-flammatory cytokine expression through nuclear factor-κB activation and type I IFN expression through IFN regulatory factor activation [113, 114] . The anti-viral function of MAVS requires normal mitochondrial respiration, and attenuated OXPHOS or mtDNA mutations were shown to cause impaired RLR-mediated anti-viral responses and susceptibility to influenza infection [115] . Glycolytic activity also mediates IFN-α release and the expression of co-stimulatory molecules in human DCs exposed to influenza virus [107] .
NLRP3 Inflammasome
The NLRP3 inflammasome is an important host defence mechanism activated by pathogens, cellular damage and stress. Persistent NLRP3 inflammasome activation is thought to be involved in abnormal innate immune responses in asthma and COPD [116] . The NLRP3 inflammasome is regulated by metabolic signals, specifically by glycolysis-dependent mitochondrial ROS and saturated fatty acids [117] [118] [119] . Indeed, 2-deoxy-D-glucose, a compound that inhibits hexokinase, the first step of the glycolytic pathway, attenuated NRLP3 activation and IL-1β and IL-18 production in a mouse model of LPS-induced acute lung injury [120] . Furthermore, mitochondrial damage caused by allergens or the environmental pollutant ozone in mouse lungs promotes airway inflammation and remodelling through ROS-mediated activation of the NLRP3 inflammasome [121, 122] . These findings suggest that metabolic perturbations may contribute to aberrant activation of NLRP3 inflammasome in asthma and COPD.
Therapeutic Approaches
Current evidence highlights a number of metabolic pathways that may play an integral role in innate immune responses in asthma and COPD; these are summarised in Figure 2 . Restoration of normal metabolic function by targeting critical metabolic enzymes or sensors may offer new therapeutic opportunities for innate immune dysfunction in lung disease.
Activation of glycolysis (Fig. 1a) , often associated with a reduction in OXPHOS and a shift towards biosynthetic pathways, is an early step in the maturation, migration, differentiation and pro-inflammatory activation of innate immune cells and is therefore an attractive therapeutic target for chronic inflammatory lung diseases. Dimethyl fumarate, an immunomodulatory drug used for multiple sclerosis and psoriasis treatment, was recently shown to inhibit glycolysis by inactivating glyceraldehyde 3-phosphate dehydrogenase, causing an increase in OX-PHOS and M2 polarisation of macrophages [123] . Furthermore, dichloroacetic acid, a drug that attenuates the activity of pyruvate dehydrogenase kinase, a negative regulator of pyruvate dehydrogenase, restricts glycolysis and enhances OXPHOS by increasing the flow of pyruvate into the mitochondrion. Dichloroacetic acid has clinical efficacy in pulmonary hypertension where metabolic reprogramming also occurs [124] . Truncated glycolysis due to inactivation of PKM2 leads to channelling of upstream Metabolic changes associated with innate immune responses in lung disease. An overview of the metabolic changes associated with innate immune cell regulation in asthma (a) and COPD (b). a Studies in animal models show that chronic exposure to inhaled allergen leads to mitochondrial dysfunction in the airway epithelium that is accompanied by a reduction in OXPHOS and activation of glycolysis, which supports the production of cytokines and inflammatory cell recruitment. Bronchial epithelial cells from patients with asthma also show increased glycolysis, but at the same time exhibit up-regulation of ARG 2, which acts as a protective mechanism by restoring OXPHOS, reducing glycolysis and inhibiting inflammatory mediator production. Epithelial-derived IL-33 and TSLP induce the maturation and activation of dendritic and ILC2 that orchestrate adaptive immune responses. Upon activation, DCs show a reduction in FAO and OXPHOS and an upregulation of glycolysis, PPP and FAS to meet the biosynthetic demands of inflammatory mediator production. IL-33-induced ILC2 maturation, on the other hand, is inhibited by PKM2 through a reduction in the expression of the IL-33 receptor, IL1RL1. Moreover, up-regulation of ARG 1 supports allergen-dependent proliferation of ILC2 cells. IgE produced by B cells activates mast cells to release histamine and lipid mediators driving airway inflammation and hyper-responsiveness. Binding of IgE to its receptor trig-gers inactivation of PKM2, truncating glycolysis and leading to accumulation of upstream intermediates that are channelled to the biosynthesis of lipid mediators released during degranulation. Studies in animal models report a role of FAO in M2 differentiation of macrophages and the development of allergic inflammation; however, other studies show conflicting findings. b Cigarette smoke and other inhaled pollutants are thought to induce ROSmediated mitochondrial dysfunction and attenuated energy production, due to impaired FAO and TCA, in the epithelium of patients with COPD. These defects may be accompanied by increased glycolysis and ROS production that drive epithelial-mediated inflammatory cell recruitment and lung pathology. Mitochondrial dysfunction in peripheral and alveolar macrophages from patients with COPD has also been associated with mitochondrial ROS production and increased glycolysis, which possibly lead to increased inflammatory mediator production and defective phagocytosis and bactericidal activity. TSLP, thymic stromal lymphopoietin; OXPHOS, oxidative phosphorylation; ARG 1, arginase 1; ARG 2, arginase 2; ILC2, type 2 innate lymphoid cells; DC, dendritic cells; FAO, fatty acid oxidation; PPP, pentose phosphate pathway; FAS, fatty acid synthesis; PKM2, pyruvate kinase isoform M2; ROS, reactive oxygen species; TCA, tricarboxylic acid; COPD, chronic obstructive pulmonary disease. DOI: 10.1159/000504344 glycolytic intermediates towards the biosynthesis of macromolecules required for the activation of immune cells such as macrophages and mast cells. A number of PKM2 activators are currently in preclinical development, and dimethylaminomicheliolide, a natural product-derived small molecule, has entered clinical trials for leukaemia treatment [125] . Targeting upstream drivers, such as mTORC1, may be another way of inhibiting the metabolic shift towards glycolysis and anabolic metabolism in immune cells. Several rapamycin analogues (rapalogs) are in clinical development for cancer, however, with limited clinical success [126] .
The protective effect of increased arginine flux through the mitochondrial ARG 2 in asthmatic epithelial cells suggests a possible benefit of inducing ARG 2 activity in the lungs (Fig. 1g ). However, as increased arginase activity in the airways contributes to hyper-responsiveness and the development of remodelling, there is increasing interest in arginase inhibitors as potential therapies for lung disease. Indeed, pulmonary delivery of an arginase inhibitor attenuates lung pathology in animal models of disease [127] [128] [129] . FAO (Fig. 1c) is thought to play a role in M2-like macrophage differentiation and allergic inflammation in animal models, highlighting inhibitors of fatty acid uptake or oxidation as potential treatments. The CPT-1 inhibitor perhexiline and the FAO inhibitors trimetazidine and ranolazine are licenced for the treatment of heart disease [130] .
Excessive mitochondrial ROS, resulting from mitochondrial dysfunction, has been associated with impaired phagocytosis in COPD macrophages as well as in the activation of the NRLP3 inflammasome. The mitochondrial-targeted anti-oxidant MitoQ has shown promising results in preclinical studies of lung disease and showed safety in clinical trials for Parkinson's and hepatitis C-induced liver disease [131] [132] [133] . Furthermore, the diabetes drug metformin that exerts anti-inflammatory effects, partly through inhibiting ROS production at the mitochondrial complex I, has shown limited effect on systemic inflammation and clinical end points in a COPD trial [134] .
A number of drugs targeting different aspects of cellular metabolism are already in clinical development for the treatment of other diseases [135] . Caution is required, however, when targeting metabolic pathways as inhibition of these pathways may also have detrimental effects by affecting normal lung immune responses by restricting the cells' energy production, biosynthetic capacity and ROS production, and thus compromising their activation in response to inhaled insults.
Outlook
In recent years, there has been great progress in understanding immunometabolism, particularly with respect to the innate immune system. A number of studies, predominantly using animal models, have shown that metabolic reprogramming is an integral part of the homeostatic regulation of innate immunity. As animal studies cannot fully reflect the human in vivo environment, it is now essential to better understand how metabolism is deregulated in immune cells from patients with lung disease, as this will allow the identification of new biomarkers for disease endotyping as well as therapeutic targets. This is particularly important, as a number of metabolic pathways are "druggable" and inhibitors are already in clinical development for the treatment of diseases like cancer and pulmonary hypertension.
